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Molecular detection by liquid gated Hall effect measurement of graphene
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The Hall resistance obtained in liquid gated Hall effect measurement of graphene demonstrates a higher
sensitivity than the sheet resistance and the gate-source current for L-histidine of different concentrations in
the pM range. This indicates that the extra information offered by the liquid gated Hall measurement of
graphene can improve the sensitivity of the transistor-based potentiometric biosensors, and it could also be
a supplementary method to the amperometric techniques for electrochemically inactive molecules. Further
analysis of the system suggests that the asymmetry of the electron-hole mobility induced by the ions in the
liquid serves as the sensing mechanism. The calculation on the capacitance values shows that the quantum
capacitance is only dominant near the “Dirac” point in our system. This conclusion is useful for many
applications involving graphene-electrolyte systems, such as bio-sensing, energy storage, neural stimulation,
and so on.
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I. INTRODUCTION
Detection of molecules in liquid at low concentration
has been of great interest for life science applications in-
cluding medicine, ecology and biology. Developing sensi-
tive and fast biosensors is one of the main goals in these
fields1,2. Current electrochemical bio-sensing techniques
are mainly categorized as amperometric or potentiomet-
ric, such as Cyclic Voltammetry (CV)3,4 or ion-sensitive
field effect transistor (ISFET)5–10, respectively.
CV identifies molecules by measuring the potential at
which a species is electrochemically oxidised or reduced,
while ISFET measures the electrical resistance change of
the channel after interaction with the analyte molecules.
CV can only detect molecules which are electrochemically
active, i.e. a redox reaction must occur during the mea-
surement. For the molecules which are electrochemically
inactive however, it is difficult to identify them by amper-
ometric method. When the resistance change of pristine
ISFETs in response to some low concentrated solutions
is not observable6,8, some pre-treatment of the device to
increase the sensitivity is often required, such as intro-
ducing defects6, depositing molecular binding sites10–12,
or growing an extra atomic layer on graphene8.
Electrical conductance (σ) is the product of carrier
charge density (en) and mobility (µ), σ = enµ, where
e is the electronic charge and n is the carrier number
density. Hence although σ does not vary with the ana-
lyte concentration in some cases, n and/or µ could still
change evidently. For example, if n increases by a fac-
tor of α (n2 = αn1) while µ decreases by a factor of
1
α
(µ2 =
µ1
α ), the electrical conductance remains the same
(σ2 = σ1). An ISFET in such a case is not able to detect
the molecules as the electrical conductance of the chan-
nel does not change. However, the changes of the carrier
density and the mobility of the channel induced by the
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molecules can be captured by the simultaneous measure-
ment of Hall resistance (RH) and sheet resistance (ρxx)
during Hall effect measurements.
This paper presents a very sensitive molecular detec-
tion method using Hall effect measurements on graphene
devices without pre-treatment (such as functionalization,
etc.) where the gate electrode is immersed in the solu-
tion containing the analyte of interest. This liquid gated
Hall measurement (LGHM) technique allows to exclude
contact resistances and directly measure the Hall resis-
tance (RH) and the sheet resistance (ρxx) of the sen-
sor channel (graphene) during the exposure of the sen-
sor to analytes in liquids. The obtained RH in vari-
ous gate potentials exhibits a very high sensitivity for
a low concentration solution in the pM range, while the
conventional methods including CV and ISFET do not
show an observable response under the same conditions.
Hall measurements of graphene in liquid have been per-
formed for different purposes, such as determining the
carrier density of graphene13, studying the charge scat-
tering mechanism14, and so on. However, to the best of
our knowledge there has been no work published so far
on applying this method in bio-sensing in liquid.
Detection of L-histidine and urea are tested in this
study because these biomolecules are well known and ex-
ist in the organism in low and high concentrations, re-
spectively. L-histidine, as an essential positively charged
amino acid (with a dipole moment of 3.6 D) used to syn-
thesize proteins in humans, is of interest to many dif-
ferent fields of applications15–18. Clinically, L-Histidine
is correlated with the liver metabolism of melancholic
patients17,18 which can appear as an increased histidine
concentration in the urine of such patients. It is therefore
of interest to detect this molecule and urea. The sensi-
tivity of l-histidine detection is usually in the nM/µM
range without modifying the electrodes19,20 (it should be
noted that further improvements can be made by func-
tionalizing the electrodes21). Urea is an neutral organic
compound (with a dipole moment of 4.56 D) synthesized
in many organisms, including livers, of mammals. It
2FIG. 1. (a), Fabrication process of graphene Hall structures and a photo of a device. (b), Schematic diagrams of the setup of
liquid gated Hall measurement, where G is the gate (Ag/AgCl electrode), I, VG and A are constant current source, gate voltage
source, and ammeter, respectively. IGS and IDS are the gate-source current and the drain-source current, respectively. (c),
Illustration of a graphene Hall bar on SiO2/Si substrate, where D and S represent drain and source, respectively. (d), VG as
a function of time for the equivalent CV. (e), IGS as a function of VG obtained in the CV, where the red and blue lines are the
raw and the smoothed data (by Fourier transform), respectively. (f), A photo of the liquid gated Hall measurement setup.
plays a key role in carrying waste nitrogen and regulation
of water concentration and blood pH in the body. The
typical concentration of urea that occur in human blood
are in the mM range22–24. The detections of L-histidine
and urea are tested in the pM and mM range concentra-
tions, respectively. The sensing mechanism is first exper-
imentally explored by measuring the electronic proper-
ties of graphene immersed in DI water and in phosphate-
buffered saline (PBS) separately. This is then followed
by theoretical discussions.
II. EXPERIMENTAL SETUP
Fig. 1(a) depicts the fabrication process of the
graphene Hall devices. The graphene/SiO2/Si samples
in the study are purchased from Graphenea. To reduce
the time that the graphene was in contact with chem-
icals during the fabrication, a fabrication process using
an image reversal photoresist (TI35ES) was designed. At
first, photolithography process was used to obtain the
graphene Hall structures using a TI35ES as the positive
photoresist. A subsequent lithography is then conducted
to produce the electrode pattern for the Hall structures
using a TI35ES as the negative photoresist. This is fol-
lowed by a metal evaporation step to deposit the con-
tacts. As the Hall measurements will be performed in
solution, the sample surface except for the graphene Hall
structures and the electrical contacts on the right is cov-
ered by a lithography process using a bio-compatible
epoxy-like photoresist (SU8). To minimize the defects,
the samples are annealed at 200 ◦C in vacuum. They
are then mounted on printed circuit boards with those
contacts wire-bonded. Before the measurements, all the
contacts except for the Hall structures (including the wire
bonds) are covered by epoxy. This technique can be used
to fabricate very large Hall structures with a little or no
observable defects. Samples with the dimension up to 5.4
mm × 1 mm can be produced, as the noise is lower for
larger liquid gated graphene devices25.
The setup of LGHM is illustrated in fig. 1(b), where
D and S represent the drain and source, respectively. G
is the gate (Ag/AgCl) electrode, and I, VG and A are
constant current source, gate voltage source, and amme-
ter, respectively. The gate voltage source and ammeter
are provided by a Keithley 6487 Picoammeter/Voltage
Source, while the constant current source is a Keithley
6220 Current Source. Fig. 1(f) shows a photo of the
setup used in our experiments. The graphene Hall de-
vice and solution are contained in a tube with a cap.
Changes in molecular concentration due to evaporation
were discounted because the measurement time was very
short.
Fig. 1(c) shows a schematic of the graphene Hall struc-
ture. Vxx is measured between contacts 3 and 4 while Vxy
between 1 and 3. IDS is the current between the drain
and the source contacts, and it is set by the constant cur-
rent source. Therefore, ρxx =
Vxx
IDS
·
W
L is the sheet resis-
tance of graphene, whereW and L are the width and the
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FIG. 2. Detection of L-Histidine (L-H) by liquid gated
Hall measurement of graphene at pM concentration with
PBS (10−2X) as the supporting electrolyte. (a), Hall re-
sistance RH , (b), sheet resistance ρxx, (c), mobility µ, and
(d), total carrier density n2D as a function of gate voltage VG
(Inset: gate-source current IGS as a function of VG).
length of the Hall bar. In this study, W = L = 200µm.
RH =
Vxy
IDSB
is the Hall resistance, where B is the mag-
netic flux density.
As shown in fig.1(b), IGS , as the current between the
gate and the source electrodes, is measured by the am-
meter, while the voltage VG is being applied. This is a
typical two-electrode electrochemical system, where VG
has been swept back and forth from -0.6 V to 0.6 V at
the rate of 4 mV/s, as plotted in fig.1(d). Note there
is a change in the sweeping rate from around 400 s to
490 s, due to the auto-change of the range of the power
source. This incurs an abrupt change in the IGS-VG curve
(cyclic voltammogram), as plotted in fig. 1(e) where the
red curve is the raw data and the blue one is smoothened
by performing fast Fourier transform. This, however, will
not affect the Hall measurement.
III. RESULTS
Fig. 2 shows the measured electronic properties of
graphene in solutions containing l-histidine at different
concentrations in the pM range by LGHM, where PBS
(10−2X) is used as the supporting electrolyte. PBS at
the concentration of 1X has the pH value of 7.4, and it
contains NaCl of 137 mM, KCl of 2.7 mM, Na2HPO4
of 10 mM, and KH2PO4 of 1.8 mM. Note that most of
the changes in fig. 2(a), (c) and (d) occur near a po-
sition where VG = VD ≈ 0.35V . This is approximately
the “Dirac” point represented by the peak in fig. 2(b),
showing the transition between the hole-dominant region
(VG < VD) and the electron-dominant region (VG > VD)
in graphene.
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FIG. 3. (a), Hall resistance RH , (b), sheet resistance ρxx,
(c), mobility µ, and (d), total carrier density n2D as a func-
tion of L-histidine concentration (C) in the pM range when
the gate voltage is close to the “Dirac” point, respectively (In-
sets: plots in logarithm scale). Black squares: experimental
data points. Red lines: fitting curves (logarithm fit for (a),
(c) and (d), and linear fit for (b) and the insets).
As shown in fig. 2(a), RH gradually increases with
the concentration of l-histidine at the gate voltage (VG ≈
0.39V ) slightly above the “Dirac” point. This indicates
that the measurement of RH can be used as an effective
method to detect l-histidine of these concentrations.
Note the sheet resistance (ρxx) remains almost un-
changed for histidine of all concentrations in pM range,
as shown in fig. 2 (b). Since the transistor-based bio-
sensors detect molecules by the change of resistance, this
indicates that the sensitivity is not as good as LGHM.
In other words, the additional information provided by
LGHM is able to improve the sensitivity of the devices
based on simple resistance measurement. It should also
be noted that there is no evident peak in the IGS-VG
curve, as shown in the inset of fig. 2(d). This suggests
that the detection of pM L-histidine in PBS by CV us-
ing an unfunctionalized graphene electrode is not pos-
sible. LGHM therefore provides better sensitivity than
the conventional amperometric and potentiometrc meth-
ods at low concentration of l-histidine.
The mobility and carrier density shown in fig. 2(c) and
(d) are calculated from ρxx and RH by the conventional
semiconductor model26, where ρxx =
1
enµ and RH =
1
en2D
. It is interesting to note that, when VG ≈ 0.35V ,
the mobility increases with the molecular concentration,
while the carrier density decreases.
Fig. 3 summarizes the changes in the electronic prop-
erties of graphene in pM concentration analytes near the
“Dirac” point. RH , µ, and n2D, vary with the concen-
tration in logarithm rules, while ρxx remains constant.
The logarithm relation between electronic properties of
graphene with analyte concentration is also observed in
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FIG. 4. Detection of urea by liquid gated Hall measurement
of graphene at high concentration with NaF (100µM) as the
supporting electrolyte. (a), Hall resistance RH , (b), sheet
resistance ρxx, (c), mobility µ, and (d), total carrier density
n2D as a function of gate voltage VG. Note the empty circles
and the solid lines are the raw and the smoothed data (by
fast Fourier transform), respectively.
other histidine detection experiments19,21. It can be seen
from fig. 3(c-d) that the mobility/density rises/decays
exponentially with the concentration, this keeps ρxx con-
stant.
There are two more interesting phenomena which
should be pointed out. First of all, as mentioned earlier,
most of the changes of interest occur at the “Dirac” point
where electrons and holes co-exist. Secondly, it is worth
note that the shape of RH changes significantly with the
analyte concentration, as can be seen in fig. 2(a). This
indicates that the symmetry between the properties of
electrons and holes might be broken, as the analyte con-
centration increases. For example, in 1 nM l-histidine
solution, the valley in RH which was previously observed
at a position near the “Dirac” point in the pM range
completely disappeared. This is because l-histidine is a
positively charged molecule with the electric dipole mo-
ment of 3.6 D. It is attracted to the Hall structure when
graphene is negatively biased, i.e. VG > VD. Since ions
in close proximity to graphene introduce charged impu-
rities and then affect the electronic properties27, hence µ
and n2D shown in fig. 3(c-d) vary with the concentra-
tion of l-histidine at a positive gate voltage. This sensing
mechanism will be discussed in detail later.
It should also be noted that when the concentration
reaches 1 nM, changes in both the Hall and the sheet
resistances are observed. This indicates that both the
transistor-based biosensor and LGHM are sensitive in
high concentration electrolyte.
To further confirm this observation at higher concen-
tration, urea solutions in the µM/mM range are used,
where NaF (100µM) is the supporting electrolyte. As
can be seen from fig. 4(b), an evident change in ρxx is
observed with the concentration, which indicates the sen-
sitivity of transistor-based bio-sensors in high concentra-
tion. As detecting high concentration urea is also possi-
ble by CV, the sensitivity of LGHM is therefore believed
comparable to the conventional bio-sensing techniques in
this case. Note that the shape of RH is greatly different
from that in fig. 2(a), similar to previous observation.
This indicates that more study on RH is necessary.
Moreover, the “Dirac” point represented by the peak of
ρxx in fig. 4(b) moves to the direction where VG becomes
more positive. This indicates that either the graphene is
being more p-type doped (because it needs more electrons
to bring the Fermi level to the “Dirac” point) or the
influence of the charged impurity on graphene sample
becomes greater27.
However, since there are two amino groups (NH2) in
an electrically neutral urea molecule (CO(NH2)2), the
graphene would be n-type doped28. Therefore, the phe-
nomenon that the “Dirac” point moves to the right direc-
tion indicates that the charged impurity scattering plays
a more important role. As shown in fig. 4(d), when the
urea concentration increases, the minimum value plateau
of the charge carrier density curve at “Dirac” point gets
smaller and wider, and the gradient of the curve de-
creases. These phenomena have been predicted by a
transport theory that included the charged impurity scat-
tering in graphene27.
Due the presence of the low carrier density, which is de-
termined by the screened, charged impurity potential27,
the mobility increases if the sheet resistance does not
change too much. This also means a very high mobility
can be obtained by engineering the electrolyte concen-
tration, which is interesting for nano-electronics. It can
be seen in fig. 4(c) the highest mobility in our experi-
ments reaches a value at around 6×105cm2/(V s), which
is higher than most of the reported values.
IV. DISCUSSION OF THE SENSING MECHANISM
As discussed earlier, the change ofRH near the “Dirac”
point may reflect the break of symmetry of the properties
between electrons and holes, and it could account for the
sensing mechanism. RH of graphene is then measured
in DI water and in a solution containing PBS (10−3 X)
separately, as indicated by the empty circles in fig. 5.
It can be seen that RH has a sinusoidal-like shape in DI
water. This is consistent with the observation in Hall ef-
fect measurements for graphene solid-state devices which
do not involve liquid29. A reason for this is that DI wa-
ter is considered a clean solution with only a few resid-
ual ions. Neutrally charged water molecules can be con-
sidered as a simple dielectric medium between the gate
and graphene, without changing the electron/hole prop-
erties differently. When there are more ions in the solu-
tion, they act as charged impurities in the environment
of graphene. This introduces electron-hole puddles in
graphene27, and could affect the electron/hole properties
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FIG. 5. Measured Hall resistance (RH) of graphene in (a),
H2O and (b), PBS (10
−3X). Empty circles: experimental
results, solid lines: theoretical fittings. Note that the Fermi
level (EF ) is used in the calculations, instead of gate voltage.
(such as mean free paths, mobility, carrier density, etc.).
These properties are changed symmetrically in solid-state
devices, as the impurities follow a (symmetric) Gaussian
distribution about the “Dirac” point30. However, since
the ions on the electrode surface are not described by the
simple (symmetric) Maxwell-Boltzmann statistics in the
presence of electric potential31, the electron/hole proper-
ties are affected differently.
The solid curves in fig. 5 are the theoretical fittings to
RH using a relation derived from the two-carrier model
of graphene32
RH =
nhµ
2
h[1 + (µeB)
2]− neµ
2
e[1 + (µhB)
2]
e[(µeµhB)2(ne − nh)2 + (neµe − nhµh)2]
, (1)
where the subscripts h and e denote holes and electrons,
respectively, and B is the magnetic flux density. Note
that electron/hole mobility can have different values in
this equation. The fittings to RH in fig. 5 show that
the electron-hole mobility becomes more asymmetric in
PBS (µe = −3.5m
2/(V · s) and µh = 0.25m
2/(V · s))
than that in DI water (µe = −0.6m
2/(V · s) and µh =
0.51m2/(V · s)). This confirms the previous inference
where the symmetry between electron-hole properties
should be broken when the analyte concentration in-
creases.
This asymmetry comes from the interaction between
the solvents and graphene. Depending on the charge of
the ions, dipole moment of the molecules, and how their
energy levels (such as HOMO and LUMO) interact with
graphene, the electronic properties will be changed dif-
ferently by charged impurity scattering, doping process,
and so on. Since the induced charged impurity scatter-
ing event is not necessarily the same for electrons and
holes, the symmetry of RH curve will change for different
electrolyte of various concentration. This phenomenon
has been consistently observed in the experiments and
it is used as the mechanism to detect the change of the
charged impurity scattering induced by solvated ions in
solution.
C
EDL
 dominant C
EDL
 dominant
C
q
 dominant
(a)
(c) (d)
(b)
E
Ag/AgCl
E
F
E
Ag/AgCl
E
F
V
fb
E
Ag/AgCl
E
F
V
G
V
G 
< 0 V V
G 
= 0 V
E
redox
E
Ag/AgCl
E
F
E
vac
V
Q
ϕ
EDL
ϕ
Ag/AgCl
-V
fb
V
G 
= 0 V
V
G 
~ 0.2 V
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tance values in the graphene-electrolyte system (PBS, 10−3
X). (a), Carrier density as a function of the gate voltage
(empty circles: experimental data, solid lines: fitted lines).
(b), Potential drops within graphene (VQ) and electrolyte
(ϕEDL+ϕAg/AgCl) at different gate voltages. (c), Calculated
quantum, EDL, and total capacitance values. (d), Band di-
agrams of the graphene-electrolyte system at different gate
voltages. The bottom one describe all the quantities (VQ,
ϕEDL, and ϕAg/AgCl) in detail.
Further analysis of the system can be performed using
the data obtained in fig. 5(b), in particular, the quan-
tum capacitance and the electrical double layer capaci-
tance. This is because different conclusions on the im-
portance of the quantum capacitance (or the potential
fill) of graphene when it is in contact with solution are
reported for various systems33,34. Studying the quantum
capacitance and also the energy level diagram is helpful
for better understanding the system in future.
A rough estimation of the charge carrier density using
the aforementioned conventional semiconductor model is
described by the empty red circles in fig. 6(a). Note that
the minimum plateau of the carrier density at around
VG ≈ 0.27V do not represent the actual value of n, as
this model is invalid for graphene when close to “Dirac”
point. The green lines are the linear fits to the data away
from the minimum plateau. They are expected to cross
at zero carrier density (n = 0) at “Dirac” point, as there
are no carriers at the “Dirac” point. This ‘inconsistency’
could be attributed to the asymmetry of the electron-hole
mobilities and the formation of electron-hole puddles.
The potential drops in graphene (VQ) are derived from
the definition of carrier density, where n ≈ e
2
pi(h¯vF )2
V 2Q.
The purple squares and the olive curve in fig. 6(b) are cal-
culated using the empty circles and green lines in (a), re-
spectively. The electrical double layer potential (ϕEDL)
is then obtained by a relation VG = Vfb+VQ +(ϕEDL +
ϕAg/AgCl), where ϕAg/AgCl is a constant voltage differ-
ence between the electrolyte and the Ag/AgCl gate elec-
trode, and Vfb is the “flat-band” voltage indicated in fig.
66(d). It can be seen that VQ becomes 0 at a point close to
VG ∼ 0.2V , which is the “Dirac” point given by the linear
fit. This is because a zero carrier density at the “Dirac”
point suggests a zero VQ according to the definition, as
represented by the olive curve in fig. 6(b).
It is also worth noting that the slope of the blue curve is
steeper than that of the olive curve when VG is far away
from the “Dirac” point, for example when VG < 0.1V .
However, this value becomes smaller than the slope of the
olive curve when VG is close to the “Dirac” point. This
information is particularly helpful for estimating the ca-
pacitance values, as the quantum (Cq), electrical double
layer (CEDL), and total (Ct) capacitances are defined as
Cq = e
dn
dVQ
, CEDL = e
dn
dϕEDL
, and Ct = e
dn
dVG
.
The calculated capacitance values are shown in fig.
6(c). Note that CEDL is derived using the blue curve
in fig. 6(b), and this accounts for the discontinuity in
CEDL in fig. 6(c). In spite of this, we are still able to
estimate the role of different capacitances. Since both Cq
and Ct show a minimum at a point around VG ≈ 0.25V ,
and CEDL intend to increase in this region, Cq is believed
dominating the total capacitance in the red regime in fig.
6(c). In the blue regime where VG is far away from 0.25
V, Ct changes with CEDL. This means that Ct is domi-
nated by CEDL.
A detailed band diagram of the system at different gate
voltage is shown in fig. 6(d). As Cq is only dominating
close to the “Dirac” point and hence, the energy level in
graphene changes more than that in EDL. Therefore, the
electronic properties in graphene respond more quickly
to the changes in the environment in this range. This is
also associated with the observable changes in RH and
n2D close to the “Dirac” point in fig. 2.
V. CONCLUSION
Liquid gated Hall effect measurement is introduced in
this work to detect molecules in low concentration elec-
trolyte. The obtained RH shows an ultra-sensitivity for
l-histidine in pM concentration, while there are no ob-
servable responses by amperometric and potentiomet-
ric methods. It indicates that this extra information
provided by LGHM is able to improve the sensitivity
of conventional methods in some cases. The derived
properties such as n2D and µ also show clear changes
in response to the change of the solution concentration.
Therefore, there is a great potential of the method that
we can choose different properties to get the best sen-
sor response, which makes this technique more sensitive
in some cases than simple transistor based sensors. Our
study shows that the asymmetric electron-hole mobility
induced by the charged impurities in solution serves as
the sensing mechanism for LGHM. Moreover, the quan-
tum capacitance of graphene is found only dominant near
the “Dirac” point in out system.
Another advantage of LGHM is that solvated ions
within the solution are forcefully attracted towards the
sensors due to the presence of the electric field. There-
fore it might be possible to achieve fast detection using
this method. While in conventional potentiometric sen-
sors, molecules are mostly driven by diffusion which is a
much slower process35–37. Although electric field is also
present in the solution for amperometric methods, the
sensitivity at low concentration is reduced as reactants
can be rapidly consumed at the electrode beyond the dif-
fusion rate, in the extreme case, this will lead to a reverse
reaction38.
However, there are several limitations of this method
which should be considered in future development. As
shown in fig. 1(b) and (f), the setup of this method is
more complicated than either CV or ISFET. However, it
is believed a smaller device can be developed due to the
presence of portable Hall measurement equipment. Sim-
ilar to CV, another disadvantage is that some molecules
may stay on the surface of graphene after detection. This
could be resolved by some techniques such as graphene
annealing, CV cleaning, and so on. The third one is
the interaction between analyte molecules and graphene
requires more study, such as first-principal calculation.
This might not be very critical for application, if one de-
cides to functionalize graphene. In spite of these limita-
tions, the strikingly good sensitivity provides a promising
future for utilizing this technique in application of molec-
ular sensing.
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